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Design and Analysis of a HTS Brushless
Doubly-Fed Doubly-Salient Machine
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Jiangui Li, Student Member, IEEE
Abstract—This paper proposes a novel high-temperature super-
conductor (HTS) brushless doubly-fed doubly-salient (BDFDS)
machine, which can effectively improve the performance of this
kind of BDFDS machines. In addition, a new criterion of winding
arrangement with the outer-rotor topology is adopted for the
proposed machine design, which can further benefit the machine
characteristics. Moreover, two natural operation modes for the
proposed machine are discussed. The corresponding calculation
results are given to prove the validity of the proposed machine.
Index Terms—Doubly-salient machine, finite element method,
flux control, high temperature superconductor.
I. INTRODUCTION
B RUSHLESS doubly-fed doubly-salient (BDFDS) ma-chines are a new breed of flux controllable brushless
machines, which have been proposed for electric vehicles and
wind power applications [1]–[3]. However, due to the magnetic
field excitation by copper windings, they inherently suffer from
many drawbacks, such as low output torque and low efficiency,
hence less attractive than the conventional PM machines. In
recent years, the advent of high-temperature superconductor
(HTS) materials offers a new way for the machine design,
which can provide the extremely strong magnetic field excita-
tion for the machines [4]–[6].
The purpose of this paper is to propose a new HTS-BDFDS
machine, which adopts an outer-rotor topology. Different from
the abovementioned BDFDS machine using the copper field
windings, the proposed machine utilizes the BSCCO-2223 HTS
as the field excitation. In addition, the proposed HTS machine
adopts the three-phase 30/25-pole structure, which effectively
symmetrizes the three-phase magnetic field distribution. More-
over, due to the doubly-salient structure, the proposed machine
can also work as a switched reluctance (SR) machine when the
HTS field winding is not active. Hence, this HTS-BDFDS ma-
chine not only achieves the flux control ability with the HTS
field excitation, but also inherently offers two operation modes,
namely the HTS operation mode and the SR operation mode. In
Section II, the machine design and realization will be discussed.
Then, two operation modes of the proposed machine will be an-
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Fig. 1. BDFDS machine configuration. (a) Conventional type: outer-stator
30/10-pole. (b) Proposed type: outer-rotor 30/25-pole.
alyzed in Section III. Then, the machine analysis approach is
given in Section IV. Section V will give the machine perfor-
mance analysis to prove the validity of the machine design. Fi-
nally, the conclusion will be drawn in Section VI.
II. MACHINE DESIGN
Fig. 1 shows the configuration of the conventional BDFDS
machine and the proposed HTS-BDFDS type. Since the BDFDS
machine adopts two kinds of windings, namely the armature
winding and the field winding, the use of outer-rotor topology
can provide more space to accommodate the windings than that
of the traditional inner-rotor topology. As shown in Fig. 1(b),
the proposed HTS machine consists of an outer rotor with
1051-8223/$26.00 © 2011 IEEE
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Fig. 2. Winding arrangement. (a) Conventional type. (b) Proposed type.
25 salient poles and an inner stator with 30 salient poles. The
rotor is made of solid iron, without having any windings or
magnets [5]. The stator uses the salient poles to accommodate
the armature windings, and employs the inner slots to accom-
modate the HTS field windings. Thus, the proposed machine
fully utilizes the inner space of the stator, hence slenderizing
the whole machine and improving its power density. Although
they are both BDFDS machines, they follow different criteria
for the pole-pair arrangement.
For the conventional BDFDS type, the pole-pair arrangement
complies with the following criterion [3]:
and (1)
where is the number of stator poles, the number of the
rotor poles, the number of phases, and the integer. For the
proposed machine, it uses a different pole-pair criterion [7]:
and (2)
where is the number of pole pairs of the HTS field wind-
ings, the positive integer, and the stator slot pitch. Different
pole-pair criteria surely lead to different magnetic field patterns.
The corresponding winding arrangement types for these two dif-
ferent pole-pair criteria are given in Fig. 2. The proposed type
can enable each phase of armature current has an equal chance
flowing at different slots under an excitation pole, hence im-
proving the flux linkage pattern.
The proposed HTS-BDFDS machine is designed with the
outer-rotor topology and 30/25-pole structure, which can
achieve the following advantages. Firstly, the phase winding
is purposely arranged in such a way that each coil of phase
winding is located at different slots under each HTS excitation
pole. Hence, the magnetic field distribution becomes more
symmetric than the convention type. Secondly, the inner stator
can provide enough room for accommodating the armature
windings and the HTS field windings, as well as the auxiliary
apparatus for HTS refrigeration and isolation. Thirdly, the outer
rotor can not only directly couple with the rotating mechanical
part, but also inherently cover the machine inner parts from
outside damage. Fourthly, the multi-pole structure can effec-
tively shorten the flux path and end-windings, and decrease
the phase shifting. Fifthly, the proposed machine naturally can
offer two operation modes, namely the HTS operation mode
and the SR operation mode, with and without the HTS field
current, respectively.
III. OPERATION MODES
With and without the HTS field excitation, the proposed
BDFDS machine can operate in HTS mode and SR mode as
Fig. 3. Operation principle of proposed machine. (a) HTS operation mode.
(b) SR operation mode.
shown in Fig. 3. And the corresponding electromagnetic torque
equation can be written as:
(3)
where is the electromagnetic torque, and the
HTS torque, and and the reluctance torque.
The principle of the HTS operation mode is similar with the
conventional BDFDS machine [3]. When the bipolar armature
current is applied as shown in Fig. 3(a), the HTS torque
and are both positive, whereas the reluctance torque
is positive and is negative. It should be noted that the
HTS torque becomes the dominate torque component, while the
reluctance torque is a pulsating torque with zero average value.
The principle of the SR operation mode is the same as the
conventional way. The unipolar armature current is added only
during the increasing period of the self inductance as shown in
Fig. 3(b). The corresponding reluctance torque is the only
positive torque for the output torque.
IV. ANALYSIS APPROACH
In order to obtain the characteristics and performances of
the proposed machine, the time-stepping finite-element-method
(TS-FEM) is applied. The key design data of the machine is
summarized as shown in Table I. It is worthy to mention that
the slots for HTS field windings are specially designed to pro-
vide sufficient space for cooling facilities. Moreover, the slots
for HTS windings also play the role of isolating the magnetic
field.
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TABLE I
KEY DATA OF PROPOSED MACHINE
Fig. 4. Magnetic field distribution of proposed machine.
To perform the TS-FEM analysis, three set of equations,
namely the electromagnetic field equation, the circuit equation
and the motion equation, are established as follows:
(4)
(5)
(6)
where is the field solution region, the current density,
is the reluctance, the electrical conductivity, the magnetic
vector potential, the remnant flux density components
along the -axis and -axis, is the applied voltage per phase,
the resistance per phase, the resistance and inductance of the
end winding per phase, the axial length of the iron core, the
conductor area of each turn of phase winding, the total cross-
sectional area of conductors per phase, is the moment of
inertia, the rotor speed, the load torque, and the damping
coefficient. It should be noted that for the HTS field windings,
the magnetic field in the region is virtually zero according to the
Meissner effect.
Fig. 5. Flux linkage waveforms of proposed machine. (a) With 10 A/mm2 HTS
field current. (b) With 20 A/mm2 HTS field current.
Fig. 6. No-load EMF waveforms of proposed machine. (a) With 10 A/mm2
HTS field current. (b) With 20 A/mm2 HTS field current.
By using the TS-FEM, the no-load magnetic field distribution
of the proposed machine with HTS field current density of 10
is given in Fig. 4. It should be noted that since the HTS
field current is readily controlled by the external DC supply, the
magnetic field can be easily strengthened or weakened.
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Fig. 7. Airgap flux density of proposed machine. (a) HTS operation mode.
(b) SR operation mode.
V. PERFORMANCE ANALYSIS
To verify the validity of the proposed machine, the machine
performances are performed by the TS-FEM. On the one side,
with different HTS field excitations, the characteristics of the
machine are calculated and analyzed. On the other side, two
operation modes for the proposed machine are also performed.
It should be noted that since the stator yoke and rotor yoke adopt
the conventional silicon steel, the HTS field current is applied
in such a way to avoid unnecessary saturation.
Firstly, by adding the HTS field current at 10 and
20 , the flux linkages and no-load electromotive forces
(EMFs) are shown in Figs. 5 and 6. It can be found that the three-
phase waveforms are quite similar and have nearly no phase
shift which is actually due to the proposed pole-pair arrange-
ment. Moreover, it can be seen that with the increasing HTS
field current, the flux linkage and no-load EMF are strength-
ened. Hence, by regulating the HTS field current, the machine
can easily achieve the flux control, as well as the regulation
of other machine parameters, including the output voltage and
output torque.
Secondly, with and without the HTS field current, the HTS
operation mode and SR operation mode of the proposed ma-
chine are performed. For the HTS operation mode, the field cur-
rent is applied with 20 . For the SR operation mode,
only the armature current is added according to the rotor posi-
tion. Fig. 7 shows the airgap flux density of these two operation
modes. As expected, the amplitude of the airgap flux density for
the SR mode is much lower than that for the HTS mode. Also,
Fig. 8. Torque waveforms of proposed machine at two operation modes.
it can be seen that due to the special arrangement of the arma-
ture windings, the airgap flux density achieves a very uniform
pattern for both operation modes.
The output torque waveforms of the proposed machine are
also given in Fig. 8. It can be found that the torque fluctua-
tion (the peak-to-average value) of the SR mode is about 56.5%
which is much bigger than the value of 37.8% of the HTS mode.
It is due to the fact that the torque production at the SR mode
only occurs at the first half period of the self inductance, whereas
the torque production at the HTS mode goes through the whole
period of the self inductance. Also, the SR mode can serve for
fault-tolerant operation in case there is an open-circuit fault of
the field windings during the HTS mode.
VI. CONCLUSION
In this paper, a new kind of HTS machine is presented, which
adopts the BDFDS structure. The key is to use the HTS winding
as the magnetic field excitation, hence improving the BDFDS
machine performance. Also, the special outer-rotor 30/25-pole
topology is adopted, which can further optimize the machine
design. Moreover, the HTS and SR operation modes are carried
out, which can effectively extend the machine application and
provide the fault-tolerant ability. By using the TS-FEM, the va-
lidity of the proposed machine is verified.
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